Dietary low-digestible carbohydrates (LDCs) affect gut microbial metabolism, including the production of short-chain fatty acids. The ability of various LDCs to promote butyrate production was evaluated in in vitro human fecal cultures. Fecal suspensions from five healthy males were anaerobically incubated with various LDCs. L-Sorbose and xylitol markedly promoted butyrate formation in cultures. Bacterial 16S rRNA gene-based denaturing gradient gel electrophoresis analyses of these fecal cultures revealed a marked increase in the abundance of bacteria closely related to the species Anaerostipes hadrus or A. caccae or both, during enhanced butyrate formation from L-sorbose or xylitol. By using an agar plate culture, two strains of A. hadrus that produced butyrate from each substrate were isolated from the feces of two donors. Furthermore, of 12 species of representative colonic butyrate producers, only A. hadrus and A. caccae demonstrated augmented butyrate production from L-sorbose or xylitol. These findings suggest that L-sorbose and xylitol cause prebiotic stimulation of the growth and metabolic activity of Anaerostipes spp. in the human colon.
INTRODUCTION
The trillions of bacteria that live in the colon considerably influence on human health by producing a range of metabolic products. Butyrate, one of the major end products of bacterial fermentation of low-digestible carbohydrates (LDCs), serves as a preferred energy source for colonocytes (Hague, Singh and Paraskeva 1997) and has many beneficial effects, including antiinflammatory effects (Segain et al. 2000; Nastasi et al. 2015) , antineoplastic activity (Whitehead, Young and Bhathal 1986; Singh, Halestrap and Paraskeva 1997; Ruemmele et al. 2003) , reinforcement of the colonic barrier (Hatayama et al. 2007) , and induction of immune cell differentiation and generation (Arpaia et al. 2013; Furusawa et al. 2013) . Butyrate may also affect systemic energy metabolism (Zhou et al. 2006) . A decreased concentration of colonic butyrate or a deficiency in its metabolism by the colonic mucosa is frequently observed in patients with ulcerative colitis (Vernia et al. 1988; Roediger 1993) , and rectal instillation of butyrate ameliorates the degree of inflammation (Scheppach et al. 1992; Vernia et al. 2003) . Butyrate has clinical usefulness in the treatment of colonic dysfunction or disease, but delivery of butyrate into the colon is not easy because of its absorption in the upper gastrointestinal tract after oral administration.
Ingestion of LDCs is an alternative way to modulate microbial fermentation and increase butyrate concentration in the colon. Some LDCs are known as 'prebiotics', which are defined as 'a selectively fermented ingredient that allows specific changes, both in the composition and/or activity in the gastrointestinal microbiota, that confer benefits' (Gibson et al. 2004 ). Oligosaccharides such as galactooligosaccharides (GOS) and fructooligosaccharides (FOS) are the best known prebiotics. However, these prebiotics usually target the genera Bifidobacterium and Lactobacillus, which produce mainly acetate or lactate, or both. The effects of oligosaccharides, monosaccharides, sugar alcohols and polysaccharides on butyrate formation have been investigated by in vitro human fecal culture (Mortensen, Holtug and Rasmussen 1988; Rycroft et al. 2001; Rossi et al. 2005; Ramnani et al. 2012) . Xylitol is one of the few LDCs specifically associated with the formation of butyrate (Mäkeläinen et al. 2007 ). However, it remains to be clarified which bacteria are responsible for butyrate formation from xylitol in the human gut.
Many research efforts using cultural and molecular biological methods have revealed the major groups of butyrate-producing bacteria in the human colon (Barcenilla et al. 2000; Louis and Flint 2009; Louis et al. 2010) . These studies indicate that bacterial groups related to Anaerostipes/Eubacterium hallii, Roseburia spp. and Eubacterium rectale within clostridial cluster XIVa and Faecalibacterium prausnitzii within cluster IV are the predominant butyrate producers in the human colon. Recent draft genome analysis of several human colonic butyrate-producing strains has enhanced our understanding of their metabolic activity and functional roles in human health (The Human Microbiome Project Consortium 2012, Kant et al. 2015) . Modulation of the metabolic activity of these bacteria might be a promising approach for enhancing butyrate production and consequent prevention of colonic disease.
The aim of this study was to evaluate the effect of soluble LDCs, including xylitol, on butyrate production by in vitro human fecal culture, and to isolate and characterize the human gut bacteria responsible for producing butyrate from soluble LDCs so as to assess the prebiotic potential of these substances. 
MATERIALS AND METHODS

Bacterial strains and culture conditions
Chemicals
FOS, D-mannitol, D-sorbitol, L-sorbose and xylitol were purchased from Wako Pure Chemical Industries (Osaka, Japan). GOS from which the easily absorbable sugar components (glucose, galactose and lactose) had been eliminated was prepared by using the following method (Sakai et al. 2008) , with modification. Briefly, 100 g of lactose was dissolved in 100 mL distilled water (DW), and the pH was adjusted to 6.3 with 5% Na 2 CO 3 . A cell suspension of Sporobolomyces singularis YIT 10047 (11.6 g) (Ishikawa et al. 2005 ) was added and the pH adjusted to 5.9 with 5% Na 2 CO 3 . After incubation of the suspension at 60
• C for 24 h, the reaction was stopped by incubation at 100
• C for 10 min, and then 1.2 mL of a 5-fold dilution of GODO-YNL lactase (Godo Shusei, Chiba, Japan) in DW and 386 mg KCl were added and the mixture was incubated at 45
• C for 2.5 h. The reaction was stopped by incubation at 100
• C for 10 min, after which the mixture was centrifuged at 18 940 g for 30 min. The supernatant was filtered through diatomaceous earth. Thirty-eight milliliters of the filtrate was diluted to 100 mL with DW and charged onto an Econo-column (5 cm × 30 cm) (Bio-Rad, Hercules, CA, USA) packed with acidwashed charcoal powder (300 mL). The column was then washed with 2% ethanol overnight and the adsorbate eluted with 50% ethanol. The eluate was concentrated by evaporation and 38% GOS syrup was obtained. The composition of the GOS syrup was determined by high-performance liquid chromatography (HPLC) system equipped with refractive index detector in accordance with a method described previously (Sakai et al. 2008) . The GOS syrup was composed of 0.8% monosaccharides, 21.9% disaccharides (including 2.7% lactose), 66.3% trisaccharides and 11.0% tetrasaccharides or longer chain saccharides.
Fecal samples and cultures
Freshly voided feces were collected in plastic bags from five healthy male donors (A to E, age range 29-40 years old) with no history of antibiotic treatment over the preceding 3-month period, and put into an aluminum pouch with AnaeroPack (Mitsubishi Gas Chemical, Tokyo, Japan) as an oxygen absorber. The pouches were refrigerated with ice packs and taken to the laboratory within 2 h after collection. Fecal samples (20 g) were homogenized with 180 mL of anaerobic 0.1 M sodium phosphate buffer (pH 6.8) in sterile plastic filter bags (Elmex, Tokyo) and filtrated to remove food residues. Fecal homogenates (10 mL) were transferred into sterile glass tubes containing 0.05 g FOS, GOS, Dmannitol, D-sorbitol, L-sorbose or xylitol. The tubes were then screw capped and incubated with gentle shaking at 37
• C for 24 h. Cultures with no sugar supplementation were used as controls. All processing of fecal samples was performed in an anaerobic chamber (Coy Laboratory Products, Grass Lake, MI, USA) with a mixed gas phase composed of N 2 (80%), CO 2 (15%) and H 2 (5%). After the incubation, pH values were measured, and organic acids including short-chain fatty acids (SCFAs) in the cultures were analyzed by ion-exclusion HPLC (Kikuchi and Tajima 1992) . In accordance with the Declaration of Helsinki, all donors were informed of the study contents and provided their written informed consent to participate. The ethics committee of Yakult Central Institute approved the study.
DNA extraction from fecal cultures and bacterial pure cultures
DNA was extracted from fecal cultures or bacterial pure cultures according to a modification of the method described previously (Matsuki et al. 2004 ). Briefly, fecal or pure bacterial cultures (200 μL) were suspended in 450 μL of extraction buffer (100 mM TrisHCl, 40 mM EDTA, pH 9.0) and 50 μl of 10% sodium dodecyl sulfate. Three hundred milligrams of glass beads (diameter 0.1 mm, Tomy Seiko, Tokyo) and 500 μL of buffer-saturated phenol (Nippon Gene, Tokyo) were added to the suspension, which was then homogenized for 30 s by a FastPrep FP 120 homogenizer (MP Biomedicals, Santa Ana, CA) at a power level of 5.0. The mixture was centrifuged at 14 000 g for 5 min, and 400 μL of the supernatant was collected. The same volume of phenol-chloroformisoamyl alcohol (Nippon Gene, Tokyo) was added to the supernatant, and the mixture was homogenized for 45 s by the FastPrep FP120 at a power level of 4.0. After the centrifugation, 250 μL of the supernatant was subjected to isopropanol precipitation. After being washed with 0.5 mL of 70% ethanol, the DNA pellet was dissolved in 1.0 mL of TE buffer (10 mM Tris-HCl, 1 mM EDTA; pH 8.0).
Denaturing gradient gel electrophoresis
Bacterial DNA was extracted from 200 μL of fecal culture according to the method described above. By using the DNA extracted from the fecal culture as template, amplification of the bacterial 16S rRNA gene, including the V3 and V4 regions, was performed by touchdown PCR with a GC-clamped bacterial universal forward primer (GC-341F, 5 -CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG-CCTACGGGAGGCAGCAG-3 ) (Muyzer, De Waal and Uitterlinden 1993) and reverse primer (800R, 5 -GGACTACCAGGGTATCTAAT-3 ), as described previously (Drancourt, Bollet and Raoult 1997) for denaturing gradient gel electrophoresis (DGGE) analysis according to the protocol described previously (Muyzer, De Waal and Uitterlinden 1993) , with modification. Polyacrylamide gels (8% acrylamide/bis-acrylamide [37.5:1], 1.0 mm thick, 16 × 16 cm) containing denaturant with a gradient ranging from 30% to 50% were prepared by using the Model 475 Gradient Delivery System in the DCode Universal Mutation Detection System (Bio-Rad Laboratories, Hercules, CA). The 100% denaturant was 7 M urea and 40% formamide in 1 × TAE buffer (40 mM Tris-acetate, 1 mM EDTA; pH 8.3). Gels were run in 1× TAE buffer at 60
• C for 7 h at 130 V. The DNA was stained with ethidium bromide and visualized by UV transillumination.
Retrieval of DNA from DGGE band, and sequence analysis
The DGGE band intensified by L-sorbose or xylitol supplementation was excised and transferred into a 1.5-mL sample tube. Fifty microliters of TE buffer was added to each tube and DNA was extracted by freeze-thawing cycling. After centrifugation of the mixture at 14 000 g for 5 min, supernatants were 100-fold diluted and used as template DNA for subsequent PCR, using the universal forward primer 341F without a GC clamp and the reverse primer 800R. 
Isolation and identification of L-sorbose-or xylitol-degrading, butyrate-producing bacteria
Fresh fecal samples (1 g) collected from two healthy donors (donors C and E, 30 and 29 years old, respectively), who were among the donors who had donated the fecal samples for preparation of the fecal cultures and had indicated high butyrate formation from both L-sorbose and xylitol, were diluted in 9 mL of anaerobic phosphate-buffered saline in an anaerobic chamber. To select the target bacteria from within the diverse colonic microbiota, an enrichment culture containing L-sorbose or xylitol as a sole carbon source was used. Fecal dilutions (40 μL) were inoculated into 4 mL of PY broth or PY broth containing either 0.5% L-sorbose (PYS) or xylitol (PYX), and then cultured for 24 h at 37
• C under O 2 -free CO 2 . Then, 100-μL aliquots of 10 -7 serial dilutions of each culture were spread onto PY, PYS and PYX agar plates. The plates were incubated in an anaerobic chamber at 37
• C for 48 h. Colonies on the PYS or PYX agar plates that were morphologically distinct from the colonies on the PY agar plate were isolated and inoculated into PY broth supplemented with 33 mM sodium acetate (PYA) with 0.5% L-sorbose (PYAS) or xylitol (PYAX) and then incubated at 37
• C for 24 h. Organic acids in bacterial cultures were quantified by ion-exclusion HPLC, and colonies that possessed butyrate-producing activity were singled out for further analyses.
Identification of fecal isolates
Genomic DNA was extracted from fully grown cultures of fecal isolates according to the method described above. Randomly amplified polymorphic DNA (RAPD) fingerprinting was performed by using a previously described method (Akopyanz et al. 1992) and three random primers (primer A, 5 -CCGCAGCCAA-3 ; primer B, 5 -GCGGAAATAG-3 ; and primer C, 5 -GCGGAAATAG-3 ). The 16S rRNA genes (about 1 540 bp) of the isolates, which had differing RAPD profiles, were amplified by using the bacterial universal primers 27F (5 -AGAGTTTGATCMTGGCTCAG-3 ) and 1524R (5 -AAGGAGGTGATCCARCCGCA-3 ) described previously with minor modification (Miyake et al. 1998) . PCR amplification, purification of amplicons and sequence analysis were performed by using the following method. Sequence analysis was performed according to the method mentioned above by using the universal bacterial sequencing primers 27F, r1L (5 -GTATTACCGCGGCTGCTGG-3 ), f2L (5 -CCAGCAGCCGCGGTAATAG-3 ), r2L (5 -GACTACC-AGGGTATCTAATC-3 ), 926f (5 -AAACTCAAAGGAATTGACGG-3 ), r3L (5 -TTGCGCTCGTTGCGGGACT-3 ), f3L (5 -GTCCCGCAACGAGCGCAAC-3 ) and 1524R (Hiraishi 1992; Hiraishi et al. 1994) . Almost the full lengths of the 16S rRNA genes (about 1450 bp) were obtained from the cells of the isolates and subjected to the BLAST program in DDBJ to search against known sequences. The 16S rRNA gene sequences of YIT 12354 and YIT 12355 were deposited in the DDBJ nucleotide sequence database under accession numbers AB586147 and AB586148, respectively. Phenotypic and biochemical characteristics of fecal isolates were analyzed as described in supplementary Materials.
Phylogenetic characterization of fecal isolates
Sequences of the 16S rRNA genes of Clostridium clusters IV and XIVa, including bacterial species closely related to the fecal isolates, were retrieved from GenBank/EMBL/DDBJ. Sequences were aligned and about 1340 bp used to produce an unrooted phylogenetic tree by using the neighbor-joining method (Saitou and Nei 1987) and CLUSTAL˙X software (version 2.0) (Thompson et al. 1997) . The reliability of the tree was evaluated by a bootstrap analysis with 1000 replicates using CLUSTAL X. The tree was visualized by using the TreeView program (version 1.6.6) (Page 1996) .
Quantitative analysis of bacterial composition of the fecal cultures
The number of total bacteria, predominant bacterial groups, Lactobacillus and Anaerostipes spp. in the fecal cultures was quantified as described in the Supplementary Materials.
Pathway analysis of L-sorbose and xylitol metabolism in Anaerostipes spp.
Analysis for the pathways of L-sorbose and xylitol metabolism based on the protein sequences predicted from the draft genomes of A. hadrus DSM 3319 T and A. caccae DSM 14662 T was performed by the method described in Supplementary Materials.
Butyrate production from L-sorbose and xylitol by human colonic bacteria
Representative butyrate-producing strains in the human colon-16 strains within 12 species in 6 genera-were precultured in PYAG broth. A portion (40 μL) of each preculture was transferred to PYA, PYAS or PYAX broth within a range of optical densities (from 0.01 to 0.10) at a wavelength of 600 nm (OD 600 ) and cultured at 37
• C for 24 h under O 2 -free CO 2 . The organic acid concentration in the culture medium was measured by using ion-exclusion HPLC, as mentioned above. OD 600 was measured with a UV/Vis Spectrophotometer DU 730 (Beckman Coulter, Mijdrecht, the Netherlands). The ability of each bacterial strain to produce butyrate from L-sorbose or xylitol was evaluated by comparing the butyrate concentration and the OD 600 in PYAS or PYAX broth with those in PYA broth.
Statistical analysis
Statistical analyses were performed using SAS software (Version 8.02; SAS Institute, Cary, NC, USA). Comparisons of the concentrations of SCFAs, optical densities and numbers of bacteria between each culture and the control were performed by using one-way analysis of variance (ANOVA) followed by Dunnett's multiple range test, except in the case of the results in Table 1 . The results in Table 1 were analyzed by using one-way ANOVA, followed by Tukey's all-pairwise multiple range test. In all analyses, P values <0.05 were considered significant.
RESULTS
SCFAs formation in fecal cultures
In the prescreening, the amounts of butyrate produced from 22 kinds of soluble LDCs were firstly evaluated in in vitro human fecal cultures prepared from two healthy donors (donors B and E). Four kinds of LDC (D-mannitol, D-sorbitol, L-sorbose and Formate is not shown because it was either not detected or was detected only in trace amounts. Asterisks indicate significant differences from the control ( * P < 0.05 and * * P < 0.01) by Dunnett's multiple range test.
xylitol) gave greater amounts of butyrate than did GOS (>8.7 mM) in the cultures of either B or E, or both (see Fig. S1 , Supporting Information). Next, in the screening, in addition to these four kinds of LDCs, FOS and GOS were evaluated. FOS and GOS significantly stimulated the formation of SCFAs (especially acetate) compared with the control in all cultures (Fig. 1) . Both of these prebiotics also induced significant propionate formation (>25 mM) in culture A. L-Sorbose gave a significant increase in butyrate concentration (>20 mM) in all cultures. Xylitol also stimulated significant butyrate formation (>20 mM), but propionate was the major end product in culture A. Although D-mannitol and D-sorbitol also gave significant increases in butyrate concentration in all cultures, the mean butyrate values in cultures A to C with D-mannitol and in cultures A to D with D-sorbitol were lower than those with L-sorbose or xylitol. The average ratios of butyrate to total SCFAs (acetate + propionate + butyrate) in all cultures with L-sorbose and xylitol were 49% and 54%, respectively; those with the other substrates ranged from 15% to 35%. The average pH values in each culture with D-sorbitol, Dmannitol, L-sorbose and xylitol were 5.84, 5.86, 5.95 and 6.06, respectively; these were slightly acidic compared with the control (6.75). GOS and FOS gave more acidic pH values of 5.56 and 5.70, respectively.
Changes in the bacterial community in fecal cultures with L-sorbose or xylitol
To evaluate the effects of L-sorbose or xylitol on bacterial communities in the fecal cultures, a DGGE analysis of bacterial 16S rRNA gene fragments was performed. As shown in Fig. 2 , in the presence of L-sorbose, bands S1 and S5 to S7, which were highly related to Anaerostipes hadrus or A. caccae (>99% identity), appeared to be intensified in the fecal cultures. Increases in the intensity of bands S2 and S4, which were identical to Ruminococcus obeum (>98% identity), were found during incubation with Lsorbose in culture A and B. As seen with L-sorbose, supplementation with xylitol also intensified bands matched to A. hadrus or A. caccae (>98% identity). Xylitol also increased the intensity of bands closely related to Bacteroides plebeius or Eubacterium contortum (>99% identity). +, culture supplemented with L-sorbose or xylitol; −, culture without substrate. Arrows indicate bands intensified by substrate supplementation; bands are labeled S1 to S7 for L-sorbose and X1 to X6 for xylitol. The best BLAST hit species for bands S1 (100% identity, accession no. LC146676), S5 (99%, LC146680), S6 (100%, LC146681), S7 (99%, LC146682), X3 (99%, LC146685), X4 (98%, LC146686) and X6 (99%, LC146688) was A. hadrus DSM 3319 T (FR749934). Bands S3 (LC146678) and X2 (LC146684) were associated (99% and 98% identity, respectively) with A. caccae DSM 14662 T (AJ270487); bands S2 (LC146677) and S4 (LC146679) with R. obeum (X85101) (99% and 98% identity, respectively); band X1 with B. plebeius M14 (AB200218) (100% identity, accession no. LC146683); and band X5 with E. contortum (L34615) (99%, LC146687).
Isolation and identification of L-sorbose-or xylitol-utilizing, butyrate-producing bacteria
By using PY agar plate medium containing L-sorbose (PYS) or xylitol (PYX) as a sole carbon source, colonies from enrichment precultures inoculated with fecal samples from donor C or E were isolated. Three colonies from donor C and six from donor E were obtained from the PYS plate; seven colonies from donor C and four from donor E were isolated from the PYX plate. Among these colonies, one from donor C (on PYS) and the other from donor E (on PYS and PYX) exhibited butyrate-producing activity in both PYS and PYX broths. The isolates were named strain YIT 12354 (from donor C) and YIT 12355 (from donor E). Both strains produced marked amounts of butyrate from L-sorbose and xylitol and utilized acetate in the medium (Table 1) . In strains YIT 12354 and YIT 12355, net acetate utilization in culture supplemented with L-sorbose or xylitol was significantly higher, but formate production was lower, than in culture with glucose. The phylogenetic analysis of 16S rRNA gene sequences revealed that the isolates were closely related to A. hadrus DSM 3319 T (99.8% identity) in Clostridium cluster XIVa (Fig. 3) . Phenotypic and biochemical characteristics of YIT 12354 and YIT 12355 were similar to those of A. hadrus DSM 3319 T (see Table S1 , Supporting Information); the two strains isolated were therefore identified as A. hadrus.
Quantitative analysis of bacterial composition of fecal cultures
Bacterial composition in the fecal cultures was determined by using quantitative PCR (qPCR) analysis with group-or speciesspecific primers (see Tables S2 and S3 ). Numbers of A. hadrus or A. caccae, or both, were significantly greater in cultures supplemented with L-sorbose or xylitol than in the controls. In the presence of xylitol in culture A, the count of B. fragilis group was also significantly increased during xylitol fermentation.
Anaerostipes hadrus was detected in four of five individuals and at 10 8.2-8.8 cells mL −1 of 10-fold-diluted feces in the control culture; the counts of A. caccae were lower (detected in only two of five individuals, at 10 6.9 or 10 7.3 cells mL −1 of 10-fold-diluted feces) than those of A. hadrus.
Utilization of L-sorbose or xylitol by butyrate-producing bacteria
Finally, the ability of representative human colonic bacterial strains, including two fecal isolates, to produce butyrate from L-sorbose or xylitol was evaluated. Supplementation with Lsorbose in PYA gave marked and significant increases in butyrate production by all strains of the genus Anaerostipes including YIT 12354 and YIT 12355 (Fig. 4) . Eubacterium hallii ATCC 27751 T , R.
faecis DSM 16840 T , R. inulinivorans DSM 16841 T and E. limosum ATCC 8486 T also had significant increases in butyrate formation from L-sorbose, but the amounts were much lower than in the case of Anaerostipes spp. In contrast, large amounts of butyrate were produced from xylitol by all strains of A. caccae. A significant but slight increase in the amount of butyrate from xylitol was observed in the case of R. faecis DSM 16840 T . The amount of butyrate produced was concordant with the results for the growth of each bacterial species (see Fig. S2 , Supporting Information).
DISCUSSION
Prebiotic potential of L-sorbose and xylitol
We demonstrated here that L-sorbose, which has been reported in the hydrolyzate of a pectin from the skin of passion fruit (Martin and Reuter 1949) and in apple-cider vinegar (about 300 mg/500 mL of vinegar; McComb 1975), was a good substrate for markedly stimulating butyrate formation in in vitro fecal culture (Fig. 1) . Knowledge of the absorbability and digestibility of Lsorbose in the human gastrointestinal tract is incomplete, but high intakes of L-sorbose (20 g/person twice a day for 10 days) are known to induce intestinal discomfort, diarrhea and flatulence (Würsch, Welsch and Arnaud 1979) , indicating that L-sorbose has poor absorbability. Taken together with the results of our in vitro fecal culture, the findings here suggest the prebiotic potential of L-sorbose. Xylitol, a pentose alcohol, is a natural constituent of vegetables and fruits such as cauliflower (Hounsome et al. 2008) and strawberry (Sreenath and Venkatesh 2010) . It is used widely as a sweetener in the food industry because of its low acidogenicity owing to its poor availability to the oral microbiota (Mäkinen 2010) . About 49% of ingested xylitol escapes digestion in the human small intestine (Livesey 2003) . We found here that xylitol stimulated the formation of much more butyrate (>20 mM) than did the representative prebiotics FOS and GOS, and this was accompanied by a decrease in acetate concentration in most fecal cultures (Fig. 1) . This finding supported the findings of Mäkeläinen et al. (2007) that fermentation of xylitol gave increased levels of butyrate and decreased levels of acetate in a semi-continuous anaerobic culture system used to simulate the human colon. A human study has suggested that ingestion of a single dose of xylitol (30 g person −1 ) induces a shift in the population of fecal Gram-positive bacteria as a ratio of the total and affects the composition and metabolic activity of microbiota in the human colon (Salminen et al. 1985) . Therefore, a proportion of ingested xylitol or L-sorbose has the potential to reach the colon intact and to stimulate the growth and activity of butyrateproducing bacteria.
(L-sorbose PTS permease), which is found in several other bacteria, including colonic strains (Sprenger and Lengeler 1984; Wehmeier, Nobelmann and Lengeler 1992; Yebra et al. 2000) , or alternatively it may be metabolized to D-sorbitol by D-sorbitol dehydrogenase (Shinagawa and Ameyama 1982) , and then converted to butyrate through glycolysis (see Fig. S3 , Supporting Information). However, neither L-sorbose PTS permease nor D-sorbitol dehydrogenase was identified from A. hadrus DSM 3319 T ; nevertheless, this strain could ferment L-sorbose. To complete the biochemistry of L-sorbose metabolism in A. hadrus DSM 3319 T , further investigations are required. Furthermore, analyses of the distributions of the genes relevant to L-sorbose and xylitol metabolism in colonic microbiota are needed to support the specific utilization of these compounds by Anaerostipes spp.
Distribution and population levels of Anaerostipes spp.
A metagenomic sequencing study of colonic bacteria in 124 European individuals (Qin et al. 2010) revealed that A. hadrus (described as Clostridium sp. SS2-1 by Qin et al.) is one of the core species (>1% genome coverage) in the human colon. Use of oligonucleotide probes has also revealed A. hadrus at high population levels (10 8.5-9.5 cells g −1 dry feces, positive in eight individuals), but it failed to detect A caccae (below the detection limit of 10 7.0 cells g −1 dry feces) in the feces of 10 European donors (Hold et al. 2003) . However, analysis by reverse transcriptionquantitative PCR targeting of 16S rRNA molecules, which is a much more sensitive analytical method than in situ hybridization with oligonucleotide probes, revealed that the A. caccae was not a predominant species but was widely distributed (59% to 94% positive, at 10 6.8-7.9 cells g −1 wet feces in three age groups) in 96 Japanese donors (Kurakawa et al. 2015) . These observations suggest that the trends in distribution and population levels of both species in the human colon do not differ by genetic background or environmental factors such as diet; consequently, we can expect that xylitol and L-sorbose will enhance colonic butyrate production in populations from different countries.
FUTURE PROSPECTS
Although the limitations of this study include the small number of individuals used for fecal cultures and as bacterial isolation sources, our results raise the possibility that L-sorbose and xylitol are utilized by Anaerostipes spp. to stimulate butyrate formation, and that they are therefore likely to be useful as new types of prebiotics. These findings also suggest that a synbiotic combination of L-sorbose or xylitol and Anaerostipes spp. may help to improve colonic dysbiosis and thus ameliorate colonic diseases such as ulcerative colitis. Further studies are needed to investigate the effects of continuous ingestion of L-sorbose or xylitol, or both, on the populations and ratios of Anaerostipes spp. and to determine whether these materials have prebiotic benefits in clinical trials.
